The design of fast-wave current drive (FWCD) antennas combines the usual antenna considerations (e.g., the plasmdantenna interface, disruptions, high currents and voltages, and thermal loads) with new requirements for spectral shaping and phase control. The internal configuration of the antenna array has a profound effect on the spectrum and the ability to control phasing. This paper elabofates on these considerations, as epitomized by a proof-of-principle (POP) experiment designed for the DIII-D tokamak. The extension of FWCD for machines such as the International Thermonuclear Engineering Reactor (ITER) will require combining ideas implemented in the POP experiment with reactor-relevant antenna concepts, such as the folded waveguide.
INTRODUCTION
The long-term engineering requirements for fusion reactors include the development of a noninductive means to drive current in the plasma because of the need for steady-state operation. The ITER design calls for 115 MW of power to generate 18 MA of plasma current for pulse lengths of >120 s. Negative ion beams and lower hybrid waves are being considered for this function. Both techniques have serious limitations. Experiments on Alcator-C, PLT, and JT-60 have shown that lower hybrid current drive faces an effective plasma density limit that is below the desired operating density of ITER. The negative ion beams face a different type of problem: they require large amounts of space near the machine, and they are extremely expensive to manufacture and develop (historically, beams have cost roughly two to four times as much as ion cyclotron heating). Nonetheless, the negative ions are perceived as the choice for current drive on ITER because there is some proof that beams can drive currents.
The cost of beams is so high and the risk of high-energy operation is so great that there is some impetus to develop an alternative method of current drive. Recent analyses by Ehsf2 B a t~h e l o r ,~ and Mau4 have shown that ion cyclotron waves could be used to drive the currents. The predicted efficiencies for FWCD in ITER are virtually the same as those for negative ion beams. The FWCD looks especially attractive because the equipment is compact and the power is inexpensive and easily transported. However, FWCD suffers from the lack of any experimental verification. Thus, a POP experiment was designed for the DIII-D experiment to c o n f m that FWCD works and is efficient. The physics analyses are based on asymmetrically modifying the electron velocity distribution with a nonresonant, traveling ion cyclotron wave. The electrons must be be warm enough to absorb the power by either Landau damping or transit-time magnetic pumping (TTMP). These physical mechanisms translate into technology requirements in the following manner. The antenna should be a phased array with arbitrary phasing to generate the traveling wave. The majority of the wave power needs to be in the low spectral range (nil = 2-5) with directivity so that the interaction with electrons results primarily in net electron current and not heating. During the current drive, the collisionality must be low so that energy is not dumped into the bulk of the velocity distribution. This generally means that densities will be low, and so will the rf loading. The FWCD frequency is in the range from 20 to 120 MHz for ITER. The net result of all these considerations is that FWCD should be possible with an array of rf antennas that face the standard tokamak conditions, under the additional constraints of phase control and spectral content centered at low wave numbers for current drive with little content at higher wave numbers (which result only in heating). target plasma parameters are B = 1 T, n = 1.3 x 1013 cm -3, Te = 4 keV, and Ip = 0.5 MA. The expected plasma current resulting from 1.2 MW of coupled rf power for 1 s is predicted to be =0.25-0.5 MA, which is a significant fraction of the total ohmic current. The antenna is a 50-by lOO-cm, four-strap array that fits into a vacuum wall recess, as shown in Fig. 1 . The antenna is designed for operation at 3 0 4 0 MHz, with arbitrary phasing.
THE DIII-D PROOF-OF-PRINCIPLE DESIGN
The mechanical design parameters fall into the usual two categories4isruption forces and thermal stresses. Since the design has four loops, with the attendant coaxial transmission lines linking the antenna boxes with the port, disruption torques (~125,000 in.-lb) for the array are considerably greater than those on a single loop. Thermal loads are not significantly different from those on a single antenna. The design plasma loads were 50 W/cm2 radially, and the rf loads were 40 W/cm2 with a peaking factor of 4.
The task of obtaining the desired spectrum is more difficult than with antennas for ICRF heating because of the directionality requirement. Measurements on a quarter-scale and a full-scale mock-up of the DIII-D antenna demonstrate the problem (Fig. 2) . In two casesone with a dividing wall or septum between straps and one without-the antenna straps were phased at 90' between straps. The solid septa resulted in a large fraction of power in the anticurrent direction centered around nil = -20 and the desired peak around n 11 = 7. The spectrum for the case without septa shows a small amount of power in the nil = -20 peak. Two questions arise: what happens to the power in these undesired peaks, and can power in the undesired peaks be avoided? The question of what happens to the power in these peaks is unresolved. These peaks correspond to power going into direct heating of the electrons. This is not necessarily bad, but it may obfuscate the experiment. The second concern about this peak is that the plasma response may be lower because of inherently greater edge attenuation or lower plasma surface impedance. Given the overall uncertainty about the plasma response to high wave numbers, it is desirable to avoid this part of the spectrum.
The question of avoiding the undesired peaks would seem to have an obvious answer, as shown in Fig. 2 -run the antenna with the good spectrum. The antenna array comprises four antennas, each with its own spectrum F(k).
With adjacent straps having merely a spatial and phase displacement, the total spectrum, G, is
where A is the array factor, x n is the spatial displacement of the nth antenna, and is the relative phase of the nth strap. Figure 3 shows the array factors for a 4-strap and a 12-strap array. Clearly, the array factor increases the spectral power in the desired region and suppresses the power away from it. The higher the number of straps, the better the suppression of undesired peaks. However, the periodicity of the array factor (proportional to the inverse of the spatial displacement) means that some peaks cannot be suppressed. In the typical single antenna spectrum, most of the power is in wave numbers corresponding to the current strap and the cavity widths (typically, nil = +lo -30). A small amount of power is in the n 11 = 5 range, which is then amplified by the array factor. However, if there is substantial power in the negative peak and if it coincides with the array peak, the spectrum becomes unoptimized. Clearly, the goal is then to tailor the single antenna spectrum. The negative currents in the solid sidewalls serve to minimize the low-wave-number power relative to the high-wave-number power. Slotted or noseptum arrays move the return current away from the interaction zone of the antenna, thereby maximizing the low-wave-number power. The control of the antenna array and its spectrum is complicated by the mutual coupling between straps. This can be illustrated by considering two coupled straps with voltages
where L is the inductance, R the the series load resistance, and KL the mutual inductance. If we define Q= OLD and 12 =I lexp[i(lc/2)1, then characteristic impedance was measured to be 35 SZ with a phase velocity of 53% and the mutual coupling was =4.5%. At 6 Q/m, this makes KQ = 0.5. Since the loading is uncertain, the circuit needs to be able to cope with the negative power. Figure 4 shows the circuit for DIII-D.
The outside antennas are paired so that the nearly negative power leg can resonate with the positive power leg and maintain phase. The paired circuit was tested on the mock-up, and KQ = 11 (no load) was achieved with the antenna current ratio within 3% of unity and with phase within 2' of 90'. 
This leads to a condition of negative power if KQ > 1. In an n-strap array, the net effect of the mutual coupling (for equal mutual coupling coefficients between adjacent straps and near-zero coupling for straps separated by one or more cavities) is that the middle straps' negative coupling on one side is cancelled by the positive coupling on the other side. The straps on the outside ends behave almost like those in the two-strap illustration above. The DIII-D circuit parameters have been calculated and measured on the mock-ups. With no septum, the coupling coefficient K can be as high as 12%; coupling can be as low as 1% with solid septa The resistive loading to the plasma increases with mutual coupling, but not dramatically enough to overwhelm the critical coupling. For the configuration chosen for DIII-D. the strap Figure 5 shows the resultant phase and current on the straps for the matching configuration above with a load of 2.5 Wm (KQ = 1.2). During a plasma shot, the load is likely to change and the antenna can become slightly mismatched. The DIII-D antenna circuit was optimized to unbalance the amplitude (as opposed to the phase) for mismatching and tuning variations. This was done because a change in phase results in a shift in the spectrum, while a change in amplitude slightly reduces the current drive peak but does not change the dominant nII. Figure 6 shows how variations in loading affect the spectrum. A 50% change in loading reduces the current drive directivity from 85% to 73% and is considered to be sufficiently stable. The power that remains in the higher wave numbers is essentially the same. 
DESIGN CONSIDERATIONS FOR ITER
The extension to ITER is based on the technology developed for DIII-D; however, the high-field tokamak with greater power and density changes the scenario. The frequency range has not been settled and extends from 20 MHz (favoring TTMP) to 120 MHz (favoring Landau damping). These choices open up three options: for the 20-to 65-MHz range, an in-blanket loop or a in-port loop array, and for 120 MHz, an in-port waveguide array. Figure 7 shows a view of the in-blanket array, which consists of 30 to 60 shorted straps placed about the tokamak off axis. The power would be 2.5 to 5 MW per antenna, depending on the number of powered straps. Figure 8 shows a plan view of the in-port folded waveguide array, which is a 4 x 12 array. This array is inserted into two ports and is exactly the analog of the inport loop arrangement. All three configurations appear feasible, though each arrangement has its strong points.
The array of loops will have at least 12 loops in the array (toroidally). Directionality of either the in-port or the in-blanket arrangement is very high (>97%) and is not expected to be a problem. The periodicity of the array factor probably implies that some slotting will be needed to avoid undesired high-wave-number power.
The circuit problem for ITER is simpler than that for the DIII-D arrangement. Because the rf power per loop is comparable to a single transmitter module size, each antenna will have its own transmitter. The ability to couple the outside straps or waveguides is likely to be eliminated without a circulating power system. However, since the line-average density is almost 1 x 1014 the loading is expected to be considerably higher. KQ is expected to be no greater than 0.1, and thus straps could be run with a balanced power. This would result in imbalances of PORT APERATURE current at the ends of less than 5%, which has no significant impact on the spectrum.
The choice among the three configurations will have to be based on information that is not yet available. The folded waveguide looks especially attractive for a range of 60 to 120 MHz. It features no exposed ceramics and has the strongest structure of the three arrangements. Recent tests on the RF Test Facility at ORNL have shown that the unloaded waveguide (with a Q --1600) can achieve 200-kW operation, which is equivalent to 4 M W per loop antenna with plasma. The low intemal fields facilitate this high power. The choice for the waveguide will hinge on whether its superior theoretical current drive efficiency at high frequency is offset by alpha particle absorption.
The in-blanket 20-to 65-MHz array is attractive becauseit uses no port space, but this approach complicates maintenance because the antenna cannot easily be removed from the tokamak. The power density can be a factor of two lower than in-port designs, but loading on the in-blanket design is compromised by the short radiating strap and possibly by off-axis launching.
The in-port 20-to 65-MHz loop arrangement requires two ports and seems to be attractive for the low frequency range. The midplane coupling and the more effective use of the radiating elements should give the best coupling and facilitate higher power density (1 kW/cm2). Although it would be desirable to use space between ports for the array, this is not necessary for good spectral content. Thus, this antenna has the most maintainable configuration.
CONCLUSION
The prospects for FWCD are very encouraging. The POP experiment for DIII-D requires that phasing and spectral balances be made. However, the design laid out is directional, and the circuit could handle high KQ. The extension to ITER requires that the same trade-offs be made in concert with the reactor environment. If efficient FWCD can be demonstrated, it would make rf a very attractive option for ITER that could replace the more expensive heating and current drive systems that are now being proposed.
